proach to the study of genome-wide histone deacetylation (see Supplemental Figure S1 at http://www.cell. c om /c gi / co nt en t/ ful l /1 09 /4 /437/ DC 1). Chromatin fragments from formaldehyde-treated histone deacetylase mutant cells and their wild-type isogenic counterparts were immunoprecipitated using highly specific antibodies against selected acetylated histone sites that we believe to be representative White et al., 1999; Wu et al., 2001) . DNA from enriched chromatin fragments was purified, amplified by PCR, and labeled with a fluorophore (Cy3 or Cy5). Wild-type (wt) and mutant sets of labeled DNA were then combined and hybridized to a DNA microarray containing ‫0076ف‬ intergenic regions (IGRs) that were amplified in our laboratory using primer sets from Research Genetics (Invitrogen) (Iyer et al., 2001 ). IGRs were chosen for this study since they contain the URS elements that recruit deacetylases (Kadosh and Struhl, 1997; Wu et al., 2001 ). For a given IGR, the ratio of the normalized fluorescent intensities between the two probes indicates whether the analyzed lysine residue is hypo-or hyperacetylated upon deletion of a deacetylase gene (as compared to the wt strain). IGRs located between two convergent genes do not contain promoter sequences and as a consequence are not assigned to a particular open reading frame (ORF). On the other hand, IGRs shared by two divergent genes cannot be assigned unambiguously to Figure 1A ). As acetylation is increased 1.95-fold or more when RPD3 is deleted (see Supplemental Figure S2 at http://www. mentioned above, rpd3⌬ increases H4 K12 and K5 acetylation in a similar manner at the INO1 and IME2 promotcell.com/cgi/content/full/109/4/437/DC1). Included amongst these sites are promoters for 531 different ers ). Therefore, acetylation at these two lysines for all yeast genes in the arrays were comORFs. While RPD3 affects the acetylation of genes in virtually all cellular pathways (see Supplemental Table pared ( Figure 1B) . We observe that the two sets of data correlate well (correlation coefficient 0.83). Thus, we S1), there is a modest overrepresentation of genes that take part in sporulation, germination, and meiosis (p ϭ conclude from these two approaches that acetylation microarrays can be used with confidence to assay for 1.3 ϫ 10 Ϫ3 ). There is also a significant preference for genes throughout the genome that are involved in carboincreased acetylation, and therefore deacetylase activity, genome-wide. hydrate utilization. These include genes involved in car- Therefore, to determine the genome-wide roles of Hda1, we examined the effect of hda1⌬ on the acetylation of Rpd3 has been described to be a repressor (Kadosh and Struhl, 1997) , and yet RPD3 deletion results in more H3 K9 and K18 and H2B K16 acetylatable lysines. We find that 647 IGRs are hyperacetylated at H3 K18 when genes being downregulated than upregulated in expression microarrays, leading to speculation as to its possible ). Hda1 also preferentially targets the class of genes that regulates carbohydrate utilization rpd3⌬ (p ϭ 1.2 ϫ 10 Ϫ19 ). However, there is little significant overlap between genes whose acetylation is increased such as those involved in carbohydrate transport (p ϭ 8.0 ϫ 10 Ϫ5 ) and metabolism (p ϭ 3.0 ϫ 10 Ϫ6 ) as well as by rpd3⌬ and those that are downregulated Ͼ2-fold. Only 24 of the 493 ORFs (4.9%) are hyperacetylated and energy reserves (p ϭ 1.5 ϫ 10 Ϫ4 ). Some of these are affected by Rpd3 (p ϭ 2.7 ϫ 10 Ϫ4 for the carbohydrate further repressed by rpd3⌬ (p ϭ 0.215). We conclude that our data support a role for Rpd3 as a repressor utilization genes). Genome-wide, 139 IGRs are affected by both Hda1 and Rpd3. This represents ‫%32ف‬ of the only and that most genes that are downregulated in the rpd3⌬ strain are likely to be affected indirectly by the Hda1-affected regions and ‫%91ف‬ of Rpd3-affected sites (p ϭ 3.4 ϫ 10 Ϫ7 ). Therefore, the acetylation of the mutation.
We then asked whether there is a correlation between majority of these promoters ‫%37ف(‬ of Hda1-affected sites, ‫%18ف‬ of Rpd3-affected sites) is affected mainly the hyperacetylation of specific H4 or H3 lysines and increased transcription resulting from rpd3⌬. Comparby either Hda1 or Rpd3. In the case of acetylation sites affected by hda1⌬, ing our data to that of rpd3⌬ expression microarrays (Bernstein et al., 2000), we find that increased acetylaacetylation of H3 K9, H3 K18, and H2B K16 correlate in a very similar manner with increased transcription tion at histone H4 K5 and K12 is associated most directly with increased gene activity (Figure 2 ). Interestingly, H3
resulting from hda1⌬ ( Figure 4A ). Curiously, there are certain promoters (e.g., for YOR223W, YDR057W, ADH1, K18 acetylation and transcription associate less well genome-wide despite very strong effects of rpd3⌬ on MRS6, MRC1, PAF1, and SIR3) whose histone H2B is hyperacetylated ‫-2ف‬ to 3-fold in the hda1⌬ strain that H3 acetylation at the INO1 promoter ). Finally, increased acetylation of H4 K16 and increased are paradoxically downregulated in the hda1⌬ mutant ( Figure 4A , arrow). It is formally possible that Hda1 is a gene activity show the poorest correlation. These data indicate that different histone acetylation sites can have direct activator of these promoters. However, to do so Hda1 must deacetylate H2B (and not H3) at these genes different roles in genome-wide gene regulation. 
Histone Deacetylation of Distinct Chromosomal (HAST) Domains
We then asked whether Hda1 and Rpd3 may function not only at individual IGRs genome-wide but in some cases at distinct chromosomal domains. To address this question, IGRs were sorted by their distance from the telomere in groups of 100. In each group, the fraction of hyperacetylated sites upon deletion of HDA1 or RPD3 was plotted as a function of distance from the telomere ( Figure 5A ). We find that hda1⌬ affects acetylation preferentially at ‫52-01ف‬ kilobases (kb) from the telomeres, while rpd3⌬ affects IGRs genome-wide in a much more uniform manner with a lesser effect in the subtelomeric region. These data indicate that gene clusters that are deacetylated by Hda1 may exist at ‫52-01ف‬ kb from the 5A in which stars designate ORFs. Therefore, the subtelomeric regions, whose acetylation is affected by Hda1, include adjacent IGRs, orphans, and ORFs, and are likely regulation by Tup1. To determine whether repression by Tup1 is associated genome-wide preferentially with to contain continuous stretches of Hda1-deacetylated chromatin. We refer to the Hda1-affected subtelomeric Hda1, Rpd3, or Hos1 deacetylation, we compared (Figure 4B) the data of the acetylation microarrays with regions as HAST domains. To identify the role of HAST domains in cellular physitup1⌬ expression microarrays (DeRisi et al., 1997). We find that hyperacetylation caused by hda1⌬ correlates ology, we first examined the regulation of specific genes and gene classes in these chromosomal regions. By very well with increased expression resulting from tup1⌬. In contrast, there is poor correlation of hyperacetcomparing steady-state RNA expression levels (Holstege et al., 1998) to the acetylation microarrays, we ylation caused by rpd3⌬ or hos1⌬ with expression resulting from tup1⌬. We also have found that TUP1 delefound that the 149 genes in HAST domains have transcript levels that are on average less than 1 molecule tion (and HDA1 deletion) causes an increase in the acetylation of histone H3 sites but not those of H4 at per cell (0.8 molecules mRNA/HAST gene/cell in YPD or glucose medium). The HAST genes are significantly the STE6 promoter in MAT␣ cell (J. Wu and M.G., unpublished). Thus, even at STE6, Tup1 is unlikely to recruit (p ϭ 4.1 ϫ 10 Ϫ24 ) less active than the genome as a whole whose average transcript level (including repressed and Rpd3 (that is required for deacetylating both H3 and H4) to the promoter. Therefore, it is possible that class I activated genes) is ‫7.2ف‬ molecules of mRNA/gene/cell. Since yeast cells normally utilize glucose and oxygen, deacetylases have global rather than promoter-specific we pursued the possibility that HAST domain genes may also include BIO3, BIO4, and BIO5 that are involved in biotin biosynthesis, a prosthetic group required for function primarily in alternate conditions of environmental stress. This hypothesis is strongly supported by the pyruvate carboxylase function in gluconeogenesis. Interestingly, the genes for many hexose transporters (infinding that PCK1 (phosphoenolpyruvate carboxykinase), the key regulator of gluconeogenesis, which is cluding HXT8, HXT11, and HXT12) are present in the HAST domains. However, these are minor transporters activated upon glucose depletion, is found in a HAST domain on Chr. XI-R.
in In order to determine under which conditions the using acetylation microarrays that HOS1 and HOS3 are required for the deacetylation of histone H4 K12 prefer-HAST domain genes may be coregulated, we examined expression of the 149 HAST ORFs under ‫003ف‬ different entially at a very limited number of intergenic sites mainly on Chr. XII-R (Figure 6 ). Of the 15 regions affected 1.95-conditions (Hughes et al., 2000) . As shown in Figure 5B , TUP1, SSN6, and HDA1 deletion preferentially cause fold or more by hos1⌬, 11 are in the rDNA locus ( Figure  6 ). Similar results were obtained for hos3⌬ at both H4 increased expression of ORFs in the HAST domains (see Supplemental Figure S3 at http://www.cell.com/cgi/ K12 and H2B K16. Since it may be argued that hos1⌬ and hos3⌬ result in increased rDNA copy number, we content/full/109/4/437/DC1 for full analysis). Hda1 has a clear but lesser effect on transcription in line with examined this possibility in the mutants. Using PCR we find no discernable effect of either hos1⌬ or hos3⌬ on earlier data showing that HDA1 deletion alone does not fully derepress ENA1 (Wu et al., 2001 ). Tup1 and Ssn6 rDNA copy number (data not shown). Interestingly, despite having global functions, RPD3 and HDA1 disrupstrongly affect repression of most HAST genes since they are derepressed on average 7.6-fold by TUP1 deletions do not alter acetylation of the rDNA sites in an obvious manner. It should be noted that HDA1 disruption tion and 33.8-fold by SSN6 deletion (Hughes et al., 2000) . These effects are 5-to 6-fold greater than the effects leads to a reduction of the rDNA copy number (‫-2ف‬fold) as tested by comparing input genomic DNA from the of these deletions on genes of the genome as a whole (1.5-and 5.8-fold derepression, respectively). Therefore, disrupted and wt strains using microarrays (data not shown). Thus, the apparent ‫-2ف‬fold reduction in acetyla- ., 2000) . Therefore, we used acetylation microarrays to determine where H4 K16 is RPS19B, RPL27A, and RPS27B) (our acetylation arrays contain several ORFs in addition to intergenic regions). acetylated genome-wide upon disruption of SIR2. As shown in Figure 3 , sir2⌬ leads to hyperacetylation of Therefore, HOS2 is required for the preferential deacetylation of RP genes under these conditions. In summary, subtelomeric sequences (blue boxes) very close to the telomeric ends (generally less than 4 kb) as well as other the three HOS deacetylases may help regulate protein synthesis by deacetylating both rDNA and ribosomal regions known to bind Sir2 (the silent mating loci HML, HMR, and the rDNA locus) (Moazed, 2001 ; Strahl-Bolprotein genes. singer et al., 1997). However, we find that there is virtually no overlap between these Sir2-affected regions and Discussion the HAST domains (Figure 3) .
Unexpectedly, deletion of the repressor RPD3 (or asAcetylation microarrays have helped us to determine sociated factors SIN3 and SAP30) improves silencing that RPD3 and HDA1 have the greatest effect on proat HAST domain genes (see Supplemental Figure S3 at moter deacetylation genome-wide and have shown that http://www.cell.com/cgi/content/full/109/4/437/DC1).
for the most part, the promoters most strongly deacetThis effect is reminiscent of that showing that rpd3⌬ ylated by Rpd3 differ from those strongly affected by also improves silencing of telomeric and HM heterochroHda1. However, the recruitment mechanisms involved matin that utilizes Sir proteins (De Rubertis et al., 1996;  at most genes are not those (Ume6 for Rpd3 and Tup1 Rundlett et al., 1996; Vannier et al., 1996) . However, this for Hda1) commonly believed to recruit the deacetyeffect of rpd3⌬ on HAST genes and on yeast heterochrolases. These novel recruitment mechanisms targeting matin may be indirect, as we do not find a significant Rpd3 and Hda1 to most loci remain to be discovered. overlap (p ϭ 0.459) between decreased transcription at Our data also argue that different histone sites of acetthese sites (Bernstein et al., 2000) and increased acetylaylation have different functions in gene regulation. In particular, acetylation of H4 lysines K5 and K12 and to tion caused by rpd3⌬ (see Supplemental Figure S3 ). 
